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The genome of the pathogenic bacterium Listeria monocytogenes contains a family of genes encoding proteins
with a leucine-rich repeat domain. One of these genes, inlH, is a �B-dependent virulence gene of unknown
function. Previously, inlH was proposed to be coexpressed with two adjacent internalin genes, inlG and inlE.
Using tiling arrays, we showed that inlH expression is monocistronic and specifically induced in stationary
phase as well as in the intestinal lumen of mice, independent of inlG and inlE expression. Consistent with inlH
�B-dependent regulation, surface expression of the InlH protein is induced when bacteria are subjected to
thermal, acidic, osmotic, or oxidative stress. Disruption of inlH increases the amount of the invasion protein
InlA without changing inlA transcript level, suggesting that there is a link between inlH expression and inlA
posttranscriptional regulation. However, in contrast to InlA, InlH does not contribute to bacterial invasion of
cultured cells in vitro or of intestinal cells in vivo. Strikingly, the reduced virulence of inlH-deficient L.
monocytogenes strains is accompanied by enhanced production of interleukin-6 (IL-6) in infected tissues during
the systemic phase of murine listeriosis but not by enhanced production of any other inflammatory cytokine
tested. Since InlH does not modulate IL-6 secretion in macrophages at least in vitro, it may play a role in other
immune cells or contribute to a pathway that modulates survival or activation of IL-6-secreting cells. These
results strongly suggest that InlH is a stress-induced surface protein that facilitates pathogen survival in
tissues by tempering the inflammatory response.

The Gram-positive pathogenic bacterium Listeria monocyto-
genes is the causative agent of listeriosis, a food-borne disease
predominantly affecting immunosuppressed individuals, fe-
tuses, neonates, and the elderly. Listeriosis can manifest as
meningitis or meningoencephalitis, septicemia, abortion, peri-
natal infection, and, in some cases, gastroenteritis. During the
course of infection, bacteria cross the intestinal barrier through
active invasion of epithelial cells or via M cells and then reach
the liver and spleen by the hematogenous and lymphatic
routes. Prolonged replication in the liver, facilitated by weak-
ened cell-mediated immunity, allows bacteria to spread to two
major targets, the central nervous system and the fetoplacental
unit (34, 65). Two factors critical for the development of a
systemic infection are the ability of this bacterium to survive
within phagocytic cells and its ability to invade several different
types of nonphagocytic cells, such as epithelial and endothelial
cells, as well as hepatocytes. The entry process requires two
important invasion factors, InlA and InlB, encoded by inlA and
inlB, which are structurally related and characterized by the
presence of an N-terminal domain containing leucine-rich re-
peats (LRR) that interact with the corresponding host cell

receptors, E-cadherin and the hepatocyte growth factor recep-
tor c-Met (26).

Twenty-three other internalin (inl) genes are present in the
first sequenced L. monocytogenes genome (strain EGD-e [24]).
Together, these loci form the multigene internalin family en-
coding LRR-containing proteins referred to as “internalins,”
even though, to date, only InlA and InlB have been shown to
play a role in internalization (8). The secreted internalin InlC
was recently shown to promote L. monocytogenes cell-to-cell
spread (54). Three other internalin-encoding genes inlH, inlJ,
and lmo2026, are currently known to be associated with the
infection process, but the functions of their products are un-
known (8). One of these products, InlH, is an internalin be-
longing to the LPXTG family, i.e., an internalin containing an
LRR domain and a carboxyl-terminal sorting signal known to
direct covalent anchoring to the peptidoglycan of Gram-posi-
tive bacteria (58). InlH is not detected in the cell wall pro-
teome following inactivation of sortase A, suggesting that it is
a surface protein covalently anchored by this enzyme (52).

inlH is in a gene cluster comprising inlG, inlH, and inlE (53).
However, this cluster has a different set of inl genes in some L.
monocytogenes strains, in which two genes, inlC2 and inlD, are
present in place of inlH (19, 29, 33). inlH is a chimeric gene
consisting of the 5� end of inlC2 and the 3� end of inlD and
likely resulted from an intergenic recombination event. The
amino acid sequence of InlC2 is highly homologous to that of
InlH, with the same LRR domain (a key determinant of ligand
recognition in internalins) and a C-terminal region that differs

* Corresponding author. Mailing address: UIBC, Institut Pasteur,
Inserm, U604, INRA, USC2020, 25 rue du Dr Roux, Paris F-75015,
France. Phone: 33 1 45 68 88 41. Fax: 33 1 45 68 87 06. E-mail for
Hélène Bierne: hbierne@pasteur.fr. E-mail for Pascale Cossart:
pcossart@pasteur.fr.

� Published ahead of print on 22 February 2010.

1979



from that of InlH and InlD by only 13 amino acids. Thus, InlH
and InlC2 are two protein variants that may have similar func-
tions. It is noteworthy that both inlH and inlC2 are regulated by
the stress-responsive sigma factor �B (25, 33, 46, 61).

A role for the inlH gene in pathogenicity is supported by the
fact that this gene is conserved in pathogenic strains (18) and
by the fact that deletion of inlGHE or inlH in strain EGD
(which is related to but distinct from EGD-e [24]) impairs
bacterial colonization of the spleen and the liver in mice (53,
58). However, the precise contribution of InlH during infection
is unknown. Here, we analyzed inlH expression at both the
transcript and protein levels and studied its role in L. mono-
cytogenes infection. We found that InlH is a surface protein
anchored by sortase A and regulated by �B-dependent stresses,
including entry into stationary phase, heat shock, acidity, or
oxidative stress. We also obtained evidence indicating that the
amount of InlH at the bacterial surface may interfere with the
amount of InlA. Yet InlH neither has functions similar to those
of InlA in host cell invasion in vitro nor contributes to early gut
invasion in vivo, but it is involved in bacterial multiplication at
a later systemic phase during infection. Specifically, inactiva-
tion of inlH increases the production of interleukin-6 (IL-6) in
the liver and spleen during L. monocytogenes infection in mice
but not the production of other cytokines. Together, these
results strongly suggest that InlH contributes to L. monocyto-
genes evasion of host defenses by specifically downregulating
the IL-6 response.

MATERIALS AND METHODS

Bacterial strains, mammalian cells, and growth conditions. The Listeria
strains used in this study are listed in Table 1 and were routinely grown in brain
heart infusion (BHI) medium (Difco) at 37°C. Erythromycin (5 �g/ml) or chlor-
amphenicol (7 �g/ml) was added for growth of strains carrying plasmids. For
experiments involving growth at different phases, bacteria were first cultured at
37°C overnight in BHI medium and then diluted to obtain an optical density at
600 nm (OD600) of 0.01 and grown at 37°C to an OD600 of 0.5, 0.8, 1.0, 2.5, or
3.0. For experiments involving growth under various stress conditions, overnight
cultures were diluted to obtain an OD600 of 0.01 and grown at 37°C in BHI
medium to an OD600 of 0.2, and then they were pelleted and resuspended either
in BHI medium at pH 5.5 after addition of HCl (acid stress), in BHI medium
supplemented with 10 mM menadione sodium bisulfite (Sigma) (oxidative
stress), or in BHI medium at 37°C or 45°C (for heat shock) and incubated for 1 h.
In all cases bacteria were grown with shaking. The bacterial growth conditions
used in tiling array experiments have been described previously (61). The eu-
karyotic cell lines used were human JEG-3 (ATCC HTB-36), Caco-2 (ATCC

HTB-37), LoVo (CCL-229), HepG2 (ATCC HB-8065), and THP-1 (ATCC
TIB-202) cells and RAW 264.7 murine macrophages (ATCC TIB-71). Cell lines
were grown according to ATCC instructions. Peritoneal exudate macrophages
(PEM) were prepared as previously described (1). Briefly, BALB/c mice were
injected with 10% peptone, and after 48 h peritoneal exudate cells were har-
vested by peritoneal lavage.

Antibodies, immunofluorescence, bacterial and cell wall extracts, and Western
blotting. Polyclonal rabbit InlH antibody (R138) was generated and affinity
purified as described previously (20). Rabbits were immunized against recombi-
nant glutathione S-transferase (GST)-tagged InlH protein (residues 36 to 518;
kindly provided by W. D. Schubert [58]). We also used antibodies against InlA
(47), InlB (9), SvpA (6), and EF-Tu (4). InlH at the bacterial surface was
detected by performing immunofluorescence experiments as described previ-
ously (6) with coverslips incubated with the InlH antibody (1:10,000 dilution) in
5% bovine serum albumin in phosphate-buffered saline (PBS) for 1 h. After
several washes, the coverslips were incubated with Alexa Fluor 488-labeled goat
anti-rabbit secondary antibodies (1:400 dilution; Molecular Probes) for 1 h and
mounted with 10 �l of Fluoromount G (Interchim). Total bacterial cells and cell
wall extracts were prepared as described previously (30). Proteins were boiled in
Laemmli sample buffer, resolved by 8% or 10% SDS-PAGE, and transferred to
Hybond-C Extra transfer membranes (GE Healthcare). Bound antibodies were
revealed using horseradish peroxidase (HRP)-conjugated goat anti-mouse or
anti-rabbit (AbCys, France) antibodies and the ECL Plus blot detection reagent
(GE Healthcare).

Generation of L. monocytogenes EGD-e �inlH and L. innocua(pTprot-inlH)
strains. Two �900-bp fragments flanking the inlH gene were PCR amplified
from EGD-e chromosomal DNA with primers inside the inlGHE locus. The
primers used for the inlH 5� flanking fragment were h1 (5�-CGCGGATCCAA
ATATCACTTGGAACTTAG-3�) and h2 (5�-AAAAGGCCTCATAATCCCTC
TCCTTTTAT-3�), and the primers used for the 3� fragment were h3 (5�-AAA
AGGCCTTAACAACAAAAAAAGCTGAG-3�) and h4 (5�-CCGGAATTCTG
TGAGATTAGATAAACCAG-3�). After restriction of the amplified 5� and 3�
fragments with BamHI and StuI or StuI and EcoRI, 5� and 3� fragments were
coligated in the thermosensitive plasmid pMAD digested by BamHI and EcoRI,
yielding the pMAD-�inlH plasmid, which was verified by sequencing. This plas-
mid was prepared in Escherichia coli (BUG 2585) and electroporated into L.
monocytogenes strain EGD-e. Independent colonies were used for allelic ex-
change in L. monocytogenes wild-type strain EGD-e, which was performed as
described previously (56), generating independent �inlH isogenic deletion mu-
tants (Table 1). Deletion of the entire inlH gene was confirmed by PCR amplifi-
cation and sequencing using primers h10 (5�-TGCTTATGGTGAAGTAGTACC-
3�) and h11 (5�-GCGGACTCACATCACTAATT-3�). To generate L. innocua
expressing inlH, EGD-e chromosomal DNA was used to PCR amplify inlH (from
the ribosome binding site to the stop codon) using primers h12 (5�-ACGAGCTCT
AAAAGGAGAGGGATTATGAAAAAACG-3�) and h13 (5�-TCCCCCGGGCA
GCTTTTTTTGTTGTTATTTTAC-3�). The DNA fragment was digested with SacI
and SmaI and inserted into the SacI and SphI sites in the shuttle plasmid pP1 (53)
downstream from the Pprot promoter, yielding pPprot-inlH. This plasmid was pre-
pared in E. coli (BUG2845), verified by sequencing, and then electroporated into L.
innocua.

RNA extraction, qRT-PCR, and tiling arrays. Total RNA from bacterial pel-
lets was extracted using TRIzol reagent (Invitrogen) as described previously (61),
and contaminating DNA was degraded using Turbo DNase according to the
manufacturer’s instructions (Ambion Inc., Austin, TX). RNA concentrations and
quality were determined using an Experion automated electrophoresis station
(Bio-Rad). cDNA synthesis was performed with an iScript cDNA synthesis kit
(Bio-Rad) using 1 �g total RNA. For quantitative real-time PCR (qRT-PCR),
the following primers were selected using the Integrated DNA Technologies
Designer software and used: for inlH, 5�-TATACGTTCACAGGTTGGTATG
A-3� and 5�-TTCCTGTTGGGGTATTGGTAGTT-3�; for inlG, 5�-TCATGGG
ATGAAAGCTCAGGCAGA-3� and 5�-TTCCAAGTTCCGTCTTCACCTCG
T-3�; for inlE, 5�-TGTGAGCGCGCTTGCTGGATTAAA-3� and 5�-TTGGAA
AGTCCTGCAAGTGGTGTC-3�; for inlA, 5�-ACACGAGTAACGGGACAAA
TGCTC-3� and 5�-ATCCGCCTGAAGCGTTGTAACTTG-3�; and for gyrA, 5�-
GCGATGAGTGTAATTGTTG-3� and 5�-ATCAGAAGTCATACCTAAGTC-
3�. qRT-PCRs were performed using 25-�l mixtures containing 5 �l of a 1/10
dilution of cDNA, 0.75 �l of gene-specific primers (10 �M each), and 12.5 �l of
iQ SYBR green supermix (Bio-Rad, Hercules, CA) with the MyiQ single-color
RT iCycler PCR detection system and the MyiQ optical system software (Bio-
Rad, Hercules, CA). The critical cycle threshold (CT) was defined for each
sample. The levels of expression of the genes tested were normalized using the
gyrA genes of L. monocytogenes as an internal standard. The fold change was
calculated using “the gene expression CT difference” formula (57). Each assay

TABLE 1. Listeria strains used in this study

Strain Description Reference

BUG 1600 L. monocytogenes EGD-e 24
BUG 2569 EGD-e �inlH This study
BUG 2570 EGD-e �inlH-b This study
BUG 2858 EGD-e �inlH-c This study
BUG 2859 EGD-e �inlH-d This study
BUG 1454 EGD-e �inlA 41
BUG 1777 EGD-e �srtA 7
BUG 2215 EGD-e �sigB 43
BUG 2204 L. monocytogenes EGD-1 58
BUG 2206 EGD-1 �inlH-1 58
BUG 600 L. monocytogenes EGD-2 19
BUG 948 EGD-2 �inlC2 19
BUG 499 L. innocua 24
BUG 2356 L. innocua (inlH) This study
BUG 1496 L. innocua (inlA) 39
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was performed in triplicate and repeated with three independent RNA samples.
Design of the tiling microarray, hybridization, and analysis have been described
previously (61).

Invasion and survival assays. The relative rate of invasion of L. monocytogenes
or L. innocua strains in mammalian cells was determined by a gentamicin assay.
The Listeria strains were grown in BHI medium to an OD600 of 2.5, washed in
PBS, and diluted in Dulbecco modified Eagle medium (DMEM) so that the
multiplicity of infection (MOI) was about 50 bacteria per cell. Bacterial suspen-
sions were added to cells for 1 h, the cells were washed, and then incubation with
20 �g/ml gentamicin for 1 h was used to kill the extracellular bacteria. After
washing, cells were lysed in 0.2% Triton X-100, and the number of viable bacteria
released from cells was assessed by plating samples on BHI agar plates. For
assays of survival in macrophages, isolated PEM or THP-1 monocytes were
activated or not activated with phorbol myristate acetate (PMA) (0.5 �M) 24 h
prior to infection. Macrophages were infected for 1 h with Listeria strains at an
MOI of �10 bacteria per cell, 20 �g/ml gentamicin was added, and the number
of viable bacteria was determined 12 h or 24 h later as described above. The level
of entry or survival was determined by comparison with the number of bacteria
present in the inoculum. Experiments were done in triplicate.

Mouse infection experiments. All animals were treated according to the In-
stitut Pasteur guidelines for laboratory animal husbandry. Four animals were
used for each experiment. Statistical analyses were performed using the Student
t test. P values of �0.05 were considered statistically significant. For intravenous
inoculation, 8-week-old BALB/c or C57BL6 female mice (Charles River) were
injected intravenously with a sublethal bacterial inoculum containing 5 � 104

CFU, and 48 h or 72 h after infection, livers and spleens were dissected and the
numbers of CFU were determined by plating serial dilutions of organ homoge-
nates on BHI agar. Heparin (250 U/ml) was added to blood samples, and 100-�l
portions were plated on BHI agar. For oral inoculation, BALB/c or iFABP-
human E-cadherin (hEcad) transgenic mice were inoculated intragastrically, as
previously described (40), with a bacterial inoculum containing 109 CFU. In-
fected intestinal tissue was dissected 24 h or 48 h postinoculation. Intestinal
segments were rinsed in DMEM and incubated for 2 h in DMEM containing 100
�g/ml gentamicin to kill extracellular bacteria before homogenization. Numbers
of CFU were determined after serial dilutions of organ homogenates were plated
on BHI agar plates and incubated at 37°C for 48 h.

Cytokine production. BALB/c mice were inoculated intravenously, as de-
scribed above, with either the EGD1 or �inlH1 strain (4 mice per group) or the
EGD-e or �inlH strain (6 mice per group). Tissues were homogenized gently
using a MACS dissociator (Miltenyi Biotec) at 48 h postinfection. Samples were
centrifuged at 1,000 � g for 15 min, and cytokine production was determined
using supernatants, a mouse cytokine 20-plex kit (Biosource), and a Luminex-100
(Luminex), as recommended by the manufacturers. This assay allowed determi-
nation of the titers of several cytokines, including gamma interferon (IFN-�),
IL-1	, IL-1
, IL-6, IL-10, IL-12, and tumor necrosis factor alpha (TNF-	).
Production of IL-6, IL-10, or TNF-	 was also determined by an enzyme-linked
immunosorbent assay (ELISA) by following the manufacturer’s instructions
(DuoSet kits; R&D Systems). Macrophages were infected with Listeria strains as
described above. RAW 264.7 macrophages were infected for 16 h in the presence
or absence of lipopolysaccharide (LPS) (1 �g/ml). PEM or THP-1 cells were
activated with PMA (0.5 �M) for 24 h prior to infection and infected with Listeria
for 12 h or 24 h. Secreted IL-6 was quantified by an ELISA. Data were analyzed
using the Student t test. A P value of �0.05 was used as the threshold for
significance.

RESULTS

SigmaB-dependent monocistronic expression of inlH in vitro
and in the intestinal lumen of infected mice. Based on results
obtained with green fluorescent protein (GFP) transcriptional
fusions, it was previously proposed that the inlGHE cluster is
organized as an operon with a polycistronic transcript ex-
pressed from the inlG promoter (53). However, both inlH and
inlE are framed by a �B promoter sequence and a rho-inde-
pendent terminator. This suggests that they are transcribed
independently. Recent studies in our laboratory using tiling
arrays made it possible to determine the transcriptional regu-
lation of the entire L. monocytogenes EGD-e genome under
diverse growth conditions (61). Our tiling arrays are powerful
tools for mapping transcription start sites, as they cover both

strands of the genome with 25-mer probes every 16 bp. As
shown in Fig. 1A, transcription of inlG, inlH, and inlE in
EGD-e and an isogenic �sigB strain grown to exponential
phase in BHI medium (reference conditions) was compared to
transcription of these genes under three other growth condi-
tions, growth to stationary phase in BHI medium, 60 min of
growth in human blood ex vivo, and 24 h of growth in the gut
of mice. The inlH promoter led to a monocistronic transcript
whose levels were substantially decreased in the �sigB mutant
and significantly increased in bacteria grown to stationary
phase in BHI medium. Importantly, inlH was upregulated in a
�B-dependent manner in bacteria in the intestinal lumen of
orally infected mice. In contrast, the levels of inlG and inlE
transcripts remained very low under all of these conditions. In
addition, the amount of the inlH transcript in a prfA mutant
(data not shown) or in bacteria grown in human blood was not
different from that in bacteria grown in BHI medium (Fig. 1A).
By performing qRT-PCR (Fig. 1B) and immunoblotting of
bacterial extracts using a specific InlH antibody (Fig. 1C), we
confirmed that there was specific �B-dependent induction of
inlH expression in stationary phase, while inlG and inlE ex-
pression remained very low (Fig. 1A and 1B). Together, these
data indicate that the inlGHE gene cluster is not a polycis-
tronic operon and that only one of these three inl genes, inlH,
is substantially induced by stress stimuli in vitro and in vivo.

Protein InlH accumulates at the bacterial surface in the
presence of various stresses. We next addressed whether the
InlH protein was efficiently produced, targeted, and anchored
to the bacterial surface in response to specific stresses known
to be controlled by �B, such as the stationary phase, heat, acid,
or oxidative stress. As expected, InlH was more abundant on
the surface of bacteria in stationary phase than in exponential
phase, while it was absent from the surface of �inlH or �sigB
isogenic strains, as well as the surface of �srtA bacteria, from
which it was released into the supernatant (Fig. 1D). An in-
creased amount of InlH at the bacterial surface was also de-
tected when EGD-e bacteria were grown at pH 5.5, shifted
from 37°C to 45°C (Fig. 1D), or grown in 7.5% NaCl (data not
shown). Interestingly, the strongest induction of InlH produc-
tion was observed when bacteria were grown in the presence of
menadione, a quinone that produces superoxide radicals and
thus subjects the cells to oxidative stress (Fig. 1D). Together,
these results demonstrate that InlH is a stress-induced surface
protein anchored by sortase A.

Production of InlA is increased in �inlH mutants grown
until stationary phase. We confirmed by performing an immu-
noblot analysis of different bacterial cell fractions that InlH,
like InlA, is present mainly in the cell wall compartment (Fig.
2A). InlB, which is present in protoplasts, and EF-Tu, which is
an abundant cytosolic protein that is also found in the cell wall
fraction (4, 52), were used as controls. Strikingly, the amounts
of InlA in the cell wall and supernatant of the �inlH mutant
grown until stationary phase were larger than the amounts in
the parental strain. However, increased InlA production did
not result from increased transcription, as the amounts of the
inlA transcript were similar in wild-type and �inlH bacteria, as
shown by qRT-PCR (Fig. 2B). Disruption of inlH in three
other �inlH mutants obtained in independent mutagenesis ex-
periments also led to increases in the amounts of InlA in the
cell wall (Fig. 2C) and supernatant (data not shown).
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FIG. 1. inlH monocistronic �B-dependent expression produces a surface-anchored protein. (A) Transcriptional tiling maps of the inlGHE locus
under different growth conditions and in the wild-type (wt) or �sigB background, showing that there is monocistronic �B-dependent inlH
transcription. Exp., exponential phase in BHI medium; Stat., stationary phase in BHI medium; Gut, growth in the intestinal lumen; Blood, growth
in human blood ex vivo. The plots correspond to the normalized hybridization intensities (y axis) versus the genomic coordinates (x axis). Each dot
corresponds to the average intensity signal from three independent biological replicates for one probe. The vertical lines indicate RNA segment
boundaries. Annotated open reading frames (arrows), Rho-independent transcriptional terminators, and �B promoters are shown below the maps.
(B) The amount of inlH transcript increases with growth phase in BHI medium, whereas the inlG and inlE transcript levels remain low, as shown
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Since L. monocytogenes strains carry either inlH or its ho-
molog inlC2, we examined InlA production in other wild-type
strains and isogenic �inlH or �inlC2 strains. Cell wall fractions
were extracted from EGD-e and two other serotype 1/2a
strains grown to stationary phase, BUG 2204 (referred here to
as “EGD-1” [Table 1]), in which the inlGHE cluster was orig-
inally identified and which was used to study the role of inlH in
virulence (53, 58), and BUG 600 (referred here to as “EGD-2”
[Table 1]), which contains inlC2 instead of inlH (19). Loads
were controlled by the amounts of SvpA, another peptidogly-
can-binding protein that is abundant in Listeria cell walls (6,
52) (Fig. 2D), or with EF-Tu (data not shown). InlC2 was
efficiently detected in the cell wall of strain EGD-2 and was
absent in the �inlC2 mutant, confirming that the InlH antibody
also recognizes InlC2. InlA was more abundant in the cell wall
fraction of the �inlC2 strain, as well as in the EGD-e �inlH
strain (Fig. 2D). In contrast, the basal levels of InlH and InlA
were very low in the cell wall of EGD-1 bacteria, and the InlA

level was not increased in the cell wall of the isogenic �inlH-1
bacteria.

Together, these results suggest that in strains in which inlA
is expressed well, inlH induction under stress conditions may
limit inlA expression at the posttranscriptional level.

InlH is not involved in bacterial invasion or survival in
mammalian cells. To search for a function of InlH in the
infectious process, we first examined the ability of �inlH bac-
teria to enter mammalian cells. We used cell lines in which
Listeria entry occurs through InlA (Caco-2 cells), InlB (HepG2
cells), or both InlA and InlB (JEG-3 and Lovo cells) pathways
or independent of InlA and InlB (RAW 264.7 macrophages).
The entry of �inlH bacteria after 2 h of infection was similar to
that of the wild-type strain for all cell lines (Fig. 3A) except
Caco-2 cells, for which entry was 2-fold greater (Fig. 3B). The
increased amount of InlA in �inlH bacteria described above
probably accounts for the more efficient invasion of Caco-2
cells, in which entry occurs mainly by the InlA/E-cadherin
pathway. Indeed, heterologous expression of InlH in the non-
adherent and noninvasive organism Listeria innocua did not
increase adherence or entry, confirming that InlH plays no role
in these processes (Fig. 3B and data not shown). In addition,
intracellular replication, actin-based motility, and cell-to-cell
spread were not affected in cultured �inlH mutant cells (data
not shown).

Since surface levels of InlH are significantly increased by
acid stress and oxidative stress, two conditions occurring in
activated macrophages, we also investigated whether InlH con-
tributes to L. monocytogenes survival in murine peritoneal ex-
udate macrophages (PEM). Compared to nonactivated (NA)
PEM, PMA-activated cells were, as expected, more phagocytic
following infection with wild-type or inlH-deficient Listeria
(Fig. 3C). However, InlH did not influence either the survival
or the proliferation of bacteria in resting or PMA-activated
PEM. The same results were obtained with human THP-1
macrophages (data not shown). Thus, InlH is neither an ad-
hesin nor an invasin and does not promote bacterial intracel-
lular survival in macrophages.

InlH contributes to systemic L. monocytogenes infection. A
role for InlH in L. monocytogenes murine listeriosis was dem-
onstrated in a previous study using the EGD-1 and �inlH-1
strains (Table 1) (58). However, because we found that the
level of inlH expression in strain EGD-e was higher than that
in strain EGD-1 in vitro (Fig. 2D), we examined whether in-
activation of inlH in this genetic background could have a more
pronounced effect on bacterial colonization of organs. As ex-
pected, the numbers of bacteria recovered from the blood,
livers, and spleens of BALB/c mice 72 h following intravenous
(i.v.) inoculation of the EGD-e �inlH strain were consistently
lower than the numbers of bacteria recovered when the paren-
tal EGD-e strain was used. In contrast, there was greater

by qRT-PCR. (C) Amount of the InlH protein in total bacterial extracts detected by immunoblotting with an InlH antibody in different growth
phases. EF-Tu was used as a loading control. WT, wild type; 	-InlH, anti-InlH; 	-EFTu, anti-EF-Tu. (D) InlH is a stress-induced surface protein,
as shown by immunofluorescence studies of InlH at the bacterial surface. InlH at the bacterial surface of L. monocytogenes EGD-e (wt) was
detected poorly in the exponential phase (Exp.) (OD600, 0.8) and was induced by entry into the stationary phase (Stat.) (OD600, 2.5) or by acid (pH
5.5), heat (45°C), or oxidative (Ox.) stress. InlH is not present at the surface of �inlH, �sigB, and �srtA mutants.

FIG. 2. InlA level is increased in the EGD-e �inlH and EGD
�inlC2 mutants grown to stationary phase. (A) Inactivation of inlH in
strain EGD-e increases the amount of InlA in cell wall and superna-
tant fractions. Listerial proteins from wild-type strain EGD-e (wt) and
the �inlA or �inlH isogenic mutant were fractionated to obtain pro-
toplast (PT), cell wall (CW), and supernatant (SN) fractions and an-
alyzed by Western blotting using anti-InlH (	-InlH), anti-InlA (	-
InlA), anti-InlB (	-InlB), and anti-EF-Tu (	-EFTu) antibodies.
(B) inlA transcript levels in the EGD-e and EGD-e �inlH strains
quantified using qRT-PCR. The level of the inlA transcript was nor-
malized using the gyrase housekeeping gene (gyrA). The y axis indi-
cates the change in the CT of the inlA transcript compared to the CT of
the gyrA transcript. The fold change in the level of the inlA transcript
in the �inlH mutant compared to that in EGDe is indicated. (C) The
amounts of InlA in cell wall fractions of independent EGD-e �inlH
mutants is larger than the amount in the wild-type EGD-e strain.
(D) Comparison of inlA and inlH expression in the cell wall fraction of
different wild-type strains and isogenic inlH and inlC2 mutants. SvpA
was used as a loading control. 	-SvpA, anti-SvpA.
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variability in the number of surviving EGD-1 and �inlH-1
bacteria than in the number of surviving EGD-e and �inlH
bacteria (Fig. 4A).

We next examined the virulence of the EGD-e �inlH mutant
in C57BL/6 mice, a mouse background known to be more
resistant to L. monocytogenes infection. In particular, these
mice are altered in the IFN-
 response to infection, which
plays an important role in host defense against L. monocyto-
genes (22). Inactivation of inlH also resulted in a significant L.
monocytogenes multiplication defect in the blood, livers, and
spleens of C57BL/6 mice (Fig. 4B). Together, these results
confirm that InlH is a factor that is involved in systemic L.
monocytogenes infection.

InlH is not involved in crossing of the intestinal barrier by
L. monocytogenes. A previous report showed that there were
significant reductions in the counts of viable bacteria in livers
and spleens for a inlGHE mutant compared to the wild-type
strain at 24 h postinfection following oral inoculation of mice
(53). Since expression of inlH is specifically regulated by �B

and is induced in the intestinal lumen, we looked for a possible
role for InlH in bacterial invasion of the gastrointestinal tissue,
which is the early stage of listeriosis. The first experiments
were performed with BALB/c mice, in which the InlA/E-cad-
herin pathway is not functional and in which Listeria preferen-
tially uses the M-cells of the Peyer’s patches as an entry portal
(15). There was not a significant decrease in the number of
�inlH bacteria in the small intestine or the colon 24 h after oral
inoculation compared to the number of wild-type bacteria (Fig.
4C). Next we used transgenic mice expressing human E-cad-
herin in enterocytes (40), in which translocation of L. mono-
cytogenes across the gut epithelium occurs through InlA-de-
pendent invasion of enterocytes. There was not a significant
difference between the numbers of �inlH and parental EGD-e
bacteria in the small intestine 24 h (data not shown) or 48 h
(Fig. 4C) following oral inoculation, whereas invasion of this
tissue by the inlA mutant was, as expected, impaired. Together,
these results strongly suggest that InlH is not involved in L.
monocytogenes penetration of the intestinal epithelium.

In the absence of InlH, IL-6 production is increased during
murine listeriosis. L. monocytogenes infection is known to in-
duce innate immune responses and cytokine production, which
are essential for host survival (48, 51, 64, 67). Because InlH
does not play a role in internalization or survival in cells in vitro
but does play a role in vivo, we examined its effect on the
modulation of innate immune responses to L. monocytogenes
in vivo. Cytokine production in the liver and bacterial loads
were quantified after 48 h of infection following i.v. inocula-
tion. This time point was chosen because it corresponds to
peaks in various cytokine titers (49) and to upregulation of
inlH expression in the spleen during mouse listeriosis (11).

It has been reported that cytokine levels in tissues increase
with the L. monocytogenes bacterial load (35). To test the effect
of inlH inactivation on cytokine production independent of the
bacterial load, we first performed experiments with the EGD-1
and �inlH-1 strains, for which there was not a statistically
significant difference in the number of bacteria surviving in the
liver at 48 h postinfection (Fig. 5A). Strikingly, inactivation of
inlH led to a significant 2-fold increase in IL-6 production,
while the amounts of several cytokines, such as IL-12, IFN-�,
IL-10, IL-1	, and IL-1
, remained unchanged (Fig. 5A). These
results were confirmed with the EGD-e and isogenic �inlH
strains. IL-6 production was 4-fold greater in the livers and
spleens infected with the �inlH bacteria than in the livers and
spleens infected with wild-type bacteria (Fig. 5B). In contrast,
the amounts of TNF-	 and IL-10 decreased in livers infected
with the �inlH bacteria, possibly as a consequence of the �2-
to 3-fold decrease in the bacterial load. Independent repeated
experiments showed that IL-6 production still increased after
72 h of infection in the absence of InlH (data not shown).
Together, these results strongly suggest that InlH plays a role
in a process involved in IL-6 synthesis or secretion during L.
monocytogenes infection.

InlH does not impair IL-6 production by macrophages in
vitro. Since macrophages are an important source of IL-6
during bacterial infections, we investigated the effect of
InlH on IL-6 production in RAW 264.7 or THP-1 macro-

FIG. 3. InlH is involved in neither bacterial entry nor survival in mammalian cells. Gentamicin invasion assays were performed with several
mammalian cell lines. The level of entry of L. monocytogenes EGD-e was arbitrarily defined as 100. The levels of entry of the other bacteria are
expressed relative to this level for (A) Lovo, JEG-3, HepG2, and RAW 264.7 cells and (B) Caco-2 cells. (C) Percentage of bacteria surviving at
24 h postinfection in nonactivated PEM (NA) or preactivated (for 24 h with 0.5 �M PMA) PEM. The data are means and standard deviations of
three different experiments. wt, wild type.
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phages or in murine PEM. The level of IL-6 secreted by
resting or LPS-activated RAW 264.7 macrophages infected
for 16 h with EGD-e was similar to the level secreted by
macrophages infected with �inlH bacteria (Fig. 5C). Like-
wise, InlH did not influence the production of IL-6 in PMA-
activated PEM or THP-1 macrophages infected for 12 h or
24 h (Fig. 5C and data not shown). Thus, InlH does not play
a role in a signaling pathway involved in production of IL-6
by macrophages.

DISCUSSION

Contribution of InlH to the downregulation of IL-6 produc-
tion during L. monocytogenes systemic infection. We found that
stress-responsive protein InlH of L. monocytogenes contributes to
evasion of the host immune response by decreasing the IL-6
cytokine level. Innate immunity is essential for early control of L.
monocytogenes infection, until T-cell-mediated immune responses
eradicate intracellular bacteria (for reviews, see references 51, 64,

FIG. 4. InlH contributes to systemic L. monocytogenes infection but not to invasion of the intestinal tissue during murine listeriosis. (A) L.
monocytogenes wild-type strain EGD-e and the isogenic �inlH mutant (top row) or wild-type strain EGD-1 and the isogenic �inlH-1 mutant
(bottom row) were used in murine infection experiments. Bacteria (5 � 104 CFU) were intravenously inoculated into BALB/c mice (n � 4).
Animals were euthanized 72 h after infection, and organs and blood were recovered, homogenized, and plated. The numbers of bacteria able to
colonize the liver and spleen and the numbers of bacteria able to survive in blood are shown. Each dot indicates the bacterial load in one animal.
The mean numbers of CFU (m) for each strain are indicated by horizontal lines and on the x axis. The dashed lines indicate the limits of detection
of L. monocytogenes in tissues. na*, not applicable. (B) The EGD-e and �inlH strains were intravenously inoculated into C57BL/6 mice (n � 4),
and the bacteria in organs were quantified as described above. The error bars indicate standard deviations, and the asterisks indicate that
differences (P � 0.05) between the mutant and wild-type strains are significant. (C) Wild-type strain EGD-e or the isogenic �inlH strain (109 CFU)
was orally inoculated into BALB/c mice (n � 4) or transgenic mice expressing human E-cadherin (hEcad) in enterocytes (n � 4), as described in
Materials and Methods. The numbers of bacteria able to colonize the small intestine or the colon is expressed in log10 CFU. The mice expressing
hEcad were inoculated with the �inlA strain as a control, and the results obtained were statistically significantly different (*, P � 0.05). There was
no difference in virulence between EGD-e and the isogenic �inlH strain.
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and 67). Recent studies have highlighted different strategies by
which L. monocytogenes evades innate defenses, including non-
recognition by innate receptors through N deacetylation of the
peptidoglycan, manipulation of host cell autophagy, and listerio-
lysin O (LLO) toxin-mediated signaling pathways inducing T-cell
apoptosis or repression of several immune genes (for a review, see
reference 16). Since immunity against Listeria involves coordi-
nated engagement of different immune cells and multiple cyto-
kines at different stages and places in the infection process, it is
likely that several different bacterial factors control these cells
and/or extracellular molecules in each tissue.

To identify such factors, in vivo studies are necessary, as
shown here for InlH, because in vitro experiments with cul-

tured cells cannot reproduce the complex environment that
pathogens have to cope with during natural infections. As an
illustration, expression of the inlH gene is not induced in bac-
teria grown in cultured enterocytes or macrophages or in hu-
man blood ex vivo, but it is upregulated in the gut and in the
spleen during infection in mice (Fig. 1) (11, 12, 31, 61). Like-
wise, InlC2, an InlH homolog present in a subset of L. mono-
cytogenes strains, elicits a humoral response in vivo, which is
consistent with its expression during infection (66). Here, using
different L. monocytogenes and mouse genetic backgrounds, we
show that inlH mutants have a reduced capacity to infect or-
gans following i.v. inoculation of mice compared to the wild-
type strains, whereas they do not have any defect in entry or

FIG. 5. InlH disruption induces a specific increase in IL-6 production in infected organs but not in infected macrophages. The L. monocytogenes
wild-type EGD-1 and isogenic �inlH-1 strains (A) or the EGD-e and isogenic �inlH strains (B) were used in murine infections to determine
bacterial loads and to determine the levels of several cytokines in infected organs. The cytokine concentrations are expressed as means � standard
deviations. BALB/c mice were intravenously inoculated with the strains indicated, and livers (A) (n � 4) or livers and spleens (B) (n � 6) were
recovered 48 h after infection, homogenized, and plated to determine the bacterial loads; alternatively, the preparations were centrifuged and the
supernatants were assayed, as described in Materials and Methods. There was no difference in virulence between the EGD-1 and isogenic �inlH-1
strains. An asterisk indicates that there was a significant difference (P � 0.05) between the level of EGD-e and the level of the �inlH mutant in
the liver. Statistically significant differences in cytokine production compared to the wild type are indicated as follows: **, P � 0.01; ***, P � 0.001.
(C) IL-6 secretion from nonactivated (NA) or activated (1 �g/ml LPS or 0.5 �M PMA) macrophages. RAW 264.7 macrophages and PEM were
infected for 16 h and 24 h, respectively, with EGD-e or the isogenic �inlH strain (n � 3). There was no statistically significant difference in IL-6
production between the two study groups for each experimental condition.
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persistence in cultured mammalian cells in vitro. Importantly,
mice infected with inlH mutants have significantly higher levels
of IL-6 than mice infected with wild-type bacteria, while the
levels of other cytokines that also control primary L. monocy-
togenes infection, such as IFN-� and TNF-	 (48, 49, 64), elic-
ited by inlH mutants are similar to the levels elicited by wild-
type bacteria.

By what mechanism could L. monocytogenes alter the im-
mune response through InlH-mediated downregulation of
IL-6? Transcriptional regulation of the IL-6 gene is complex
and involves at least five transcription factors, NF-B, NF-
IL-6, C/EBP, AP-1, and CREB, which are engaged differently
depending on the cell type and on the stimulus (27, 37). Inhi-
bition of the general NF-B pathway by InlH is unlikely, as the
production of other NF-B-regulated cytokines, such as
TNF-	 and IL-1, is not increased by inactivation of inlH. In
addition, InlH does not influence IL-6 production by activated
macrophages, suggesting that it is not involved in a general
signaling pathway controlling IL-6 expression. Nevertheless,
InlH may control IL-6 expression or secretion in other immune
cells, such as T cells. Alternatively, InlH could contribute to a
pathway that modulates long-term survival of specific IL-6-
secreting cells or the intercellular signals that are critical for
activation of these cells. These hypotheses will be addressed in
further studies.

IL-6 is a key cytokine in the control of inflammation and has
mainly proinflammatory effects, although anti-inflammatory
activities have also been reported (5, 62). It is also involved in
other physiological functions, such as hematopoiesis, bone me-
tabolism, and cell differentiation. IL-6 is strongly induced dur-
ing acute bacterial infections, and studies with IL-6-deficient
mice demonstrated the critical role of IL-6 in clearance of L.
monocytogenes infections (17, 38, 42, 48). It is noteworthy that
IL-6 seems to play an important role in the neutrophil re-
sponse to Listeria (17). It has been proposed that in IL-6-
deficient mice neutrophils may be less effective in killing bac-
teria, as suggested by the finding that IL-6 primes neutrophils
for an oxidative burst, and that neutrophils may die from apop-
tosis more quickly (48). Our data suggest that L. monocyto-
genes uses InlH to counterbalance IL-6 production by immune
cells in response to bacterial molecules that activate the NF-B
pathway (16, 32, 44, 63). The contribution of InlH to down-
modulation of IL-6, together with other L. monocytogenes
properties involved in evading host innate immunity (16), pro-
vides a rational basis accounting for the absence of strong
inflammation observed during listeriosis. Indeed, in contrast to
Listeria, other Gram-positive pathogens, such as Staphylococ-
cus aureus and Streptococcus pyogenes, are pyogenic and elicit
exacerbated inflammatory responses during systemic infec-
tions.

Induction of InlH expression at the bacterial surface by heat
and oxidative stresses suggests a role for this LRR protein in
host-associated niches. The inlH transcript is specifically up-
regulated by �B in the mouse intestinal tract (Fig. 1) (61),
where L. monocytogenes encounters salt, acidic, or osmotic
stress stimuli (21, 59), which, as we show here, induce produc-
tion of the InlH protein at the bacterial surface. In addition,
previous studies have established that �B plays a key role in
regulating genes important during invasion of and survival in
the gastrointestinal tract (23, 36, 60). InlH may thus contribute

to L. monocytogenes infection of the gastrointestinal tract.
However, we could not detect any defect in inlH mutants in
early invasion of mouse intestinal tissue, suggesting that, in
contrast to InlA, InlH is not involved in crossing of the intes-
tinal barrier. Yet, InlH contributes to bacterial survival in
deeper tissues. Since the InlH protein is highly expressed at the
bacterial surface in response to heat and oxidative stresses, we
suggest that inlH is induced and contributes to survival of L.
monocytogenes in host microenvironments where these stresses
may impede bacterial proliferation. These stresses could in-
clude hypoxia and fever that develop upon inflammation. Ox-
idative stress that occurs due to accumulation of reactive oxy-
gen species (ROS) in activated immune cells may also be
responsible for the induction of inlH in specific tissues. It is
noteworthy that ROS are involved in the enhanced release of
IL-6 during hypoxia (2). Given the variety of immune cells
known to be infected by Listeria, which include not only mac-
rophages, which do not respond to InlH, but also dendritic
cells, neutrophils, and T cells (3, 13), it will be a challenge to
define the cells in which inlH is induced in vivo in order to
understand the role of the product of this gene in counteract-
ing IL-6 secretion.

The inlG and inlE genes surround inlH. Our transcriptome
studies using tiling arrays indicated that inlG and inlE are
transcribed at very low levels in strain EGD-e and are not
induced in any of the growth conditions tested under which
inlH is active. This is consistent with the previously reported
absence of inlE expression in L. monocytogenes strain 10403S
(45). Thus, inlH is likely to act independent of inlG and inlE.
We observed that inactivation of inlH or of its homolog inlC2
correlates with an increase in production of the InlA protein
but not with an increase in production of the inlA transcript in
bacteria growing in stationary phase. This suggests that in
wild-type bacteria inlH or inlC2 expression interferes with the
expression of inlA at a posttranscriptional level. InlH/InlC2
and InlA are LPXTG proteins covalently anchored to the
peptidoglycan by sortase A. Hence, bacteria may adjust the
amount of InlA protein in order to facilitate InlH/InlC2 secre-
tion or anchoring at the bacterial surface during the infection
process. These results and the results of previous studies (46,
50) suggest that there is an intricate network that allows L.
monocytogenes to regulate internalin expression in response to
changing environmental cues.

Conclusions. There are several examples of bacterial effec-
tors that specifically target cytokine pathways to enhance
pathogenesis (14, 28, 55). Among them are two LRR proteins
that, in contrast to InlH, stimulate IL-6 cytokine production. In
L. monocytogenes, InlB, besides being an invasin, activates the
NF-B pathway and expression of the IL-6 gene (44). In En-
terococcus faecalis, disruption of the elrA gene that encodes an
LRR virulence protein correlates with decreased IL-6 levels in
vivo (10). It is thus likely that like other bacteria, L. monocy-
togenes has a repertoire of proteins that either block or activate
the immune response during the different stages of the infec-
tious process. Following tissue invasion that stimulates inflam-
matory processes, InlH may act as an immunosuppressor to
increase L. monocytogenes persistence in tissues. Understand-
ing the mechanism that InlH uses to control IL-6 production
and identifying its host cell partner(s) are challenges for future
work.

VOL. 78, 2010 SUPPRESSION OF IL-6 PRODUCTION BY VIRULENCE FACTOR 1987



ACKNOWLEDGMENTS

We thank E. Gouin and V. Villiers for generation of the InlH
antibody and Alice Lebreton for critical reading of the manuscript.

Work in the laboratory of P.C. was financially supported by the Pasteur
Institute, INRA (AIP291), INSERM, ANR (ERANET pathogenomics—
Spatelis), and ERC (advanced grant 233348). N.P. received financial sup-
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